ABSTRACT: The majority of human kidney stones are comprised of multiple calcium oxalate monohydrate (COM) crystals encasing a calcium phosphate nucleus. The physiochemical mechanism of nephrolithiasis has not been well determined on the molecular level; this is crucial to the control and prevention of renal stone formation. This work investigates the role of phosphate ions on the formation of calcium oxalate stones; recent work has identified amorphous calcium phosphate (ACP) as a rapidly forming initial precursor to the formation of calcium phosphate minerals in vivo. The effect of phosphate on the nucleation of COM has been investigated using the constant composition (CC) method in combination with scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Our findings indicate COM nucleation is strongly promoted by the presence of phosphate; this occurs at relatively low phosphate concentrations, undersaturated with respect to brushite (dicalcium phosphate dehydrate, DCPD) formation. The results show that ACP plays a crucial role in the nucleation of calcium oxalate stones by promoting the aggregation of amorphous calcium oxalate (ACO) precursors at early induction times. The coaggregations of ACP and ACO precursors induce the multiple-point nucleation of COM. These novel findings expand our knowledge of urinary stone development, providing potential targets for treating the condition at the molecular level.
■ INTRODUCTION
Nephrolithiasis is a significant health problem which has been afflicting humankind for many centuries. 1−4 Approximately 85% of human kidney stones are a combination of calcium oxalate monohydrate (COM) crystals with calcium phosphate (Ca−P) phases as a nucleus. 5, 6 These stones have multiple COM crystals which have aggregated around a Ca−P core forming large clusters. 7, 8 Although calcium oxalate stone formation is a very common health problem, the mechanism of stone formation is still poorly understood. To better understand how renal stones form in vitro, the role of calcium phosphate on the process of calcium oxalate nucleation and crystal growth must be further investigated. It is accepted that Ca−P phases play a critical role in the formation of large aggregate renal stones and also influence stone size.
Previous studies have suggested that the Ca−P crystal phases, brushite (DCPD, CaHPO 4 ·2H 2 O) or hydroxyapatite (HAP), may serve as heterogeneous nuclei that initiate the precipitation of calcium oxalate monohydrate (COM). 9−14 The influences of these minerals on calcium oxalate mineral formation is challenged by speciation ccalculations based on reported phosphate concentrations in human urine and the relative supersaturation (σ) of the suggested Ca−P phases (Supporting Information, Figure S1 ). In healthy acidic uric conditions, urine is undersaturated with respect to DCPD mineral formation, and is slightly supersaturated with respect to HAP, with supersaturation less than 5.0. The induction time of HAP nucleation at such concentrations is known to be more than several weeks or longer. 15 The formation of DCPD under these conditions is unlikely: calcium and phosphate concentration would need to increase 5−10 times higher than the normal concentration of calcium and phosphate in urine for the solution to be supersaturated with respect to DCPD (Supporting Information, Figure S1c,d ). This would indicate that DCPD crystals are difficult to form directly in urine. The supersaturation of Ca−P minerals is relatively low in urine, suggesting that the initial crystal Ca−P phases are difficult to form directly in urine. This may indicate the formation of less soluble lower energy Ca−P phases such as amorphous calcium phosphate, inducing the heterogeneous nucleation of COM. The urinary environment in patients with recurrent calcium nephrolithiasis has been reported to be supersaturated with respect to brushite; 16−19 in these people the induction time for nucleation of DCPD is relatively low. The nucleation and crystal growth of DCPD will decrease the calcium concentration in urine and as a result decrease the supersaturation with respect to COM. Thus, the direct formation of DCPD in vivo will suppress the nucleation and growth of COM, which is in conflict with early thinking of DCPD promoting the formation of calcium oxalate stones by heterogeneous nucleation.
Recent investigations have indicated that amorphous cluster aggregation is a key step in slow biomineralization processes. 15, 20 In a slightly supersaturated Ca−P solution, stable amorphous Ca−P (ACP) complexes can form spontaneously with a small thermodynamic barrier and then coagulate into large amorphous aggregates in the early induction period. Prenuclei of HAP or DCPD could form within the solid amorphous Ca−P complexes via a solid−solid nucleation process. With the small supersaturation in urine, HAP nuclei are difficult to form directly (induction time of more than 1 week); the amorphous CaP complexes could be stable for appreciable times. Many studies indicated that amorphous precursors are also involved in calcium oxalate nucleation processes. 12, 13 Although attention has been paid to the role of amorphous Ca−P phases in the HAP nucleation, the influence of ACP on COM formation has been ignored.
The existence of amorphous calcium phosphate complexes and their coaggregation with amorphous calcium oxalate may be a key initial step in the mechanism leading to the formation of calcium oxalate (CaOx) stones. 20, 21 In the present study, we systematically investigated the role of phosphate on the nucleation of COM using a sensitive constant composition (sCC) method that utilizes potentiometric glass electrode and calcium selective electrode monitoring of the calcium ion and hydrogen ion activities (0.001 pH resolution) associated with the nucleation events. 15 This method allows the simultaneous monitoring of the species association and complexation in solution, as well as the nucleation and crystal growth of COM. The analysis was augmented by our scanning electron microscopy (SEM) and transmission electron microscopy (TEM) studies performed in parallel. The results unequivocally show that the presence of amorphous calcium phosphate complexes promotes the aggregation of amorphous CaOx precursors, inducing the nucleation of COM crystallites, and the subsequent formation of multicrystal aggregates.
■ MATERIALS AND METHODS
The CC method can mimic in vivo biologically stabilized milieu for crystallization. 29 Titrant solutions are added to maintain constant reaction solution concentrations during the experiments. A potentiometer is used to control titrant addition from stepper-motor-driven burets. Reaction initiation triggered, potentiometrically, the addition of titrant solutions, which have concentrations calculated based upon the speciation computations using mass balance and electroneutrality expression together with the extended Debye−Huckel equation.
The double constant composition method (DCC) (two CC devices incorporating two different ion selective sensors) is used to simultaneously control two competing crystallization processes at constant driving force. 13 For this study, COM and brushite labeled as BA and BC, respectively, share a common B ion (calcium). For the simultaneous growth of BA and BC crystals, B ion (calcium ion specific electrode) and C ion (pH electrode) selective electrodes are used to control BA and BC titrants, respectively. where W and T are the total concentrations in the reaction solutions and titrants, respectively, and C eff,COM and C eff,brushite are the effective titrant concentrations with respect to COM and brushite, respectively. Preparation of Solutions. Calcium chloride dihydrate (CaCl 2 · 2H 2 O) was purchased from OmniPur (purity ≥ 99.0%, lot no. G07000246A) and potassium dihydrogen phosphate (KH 2 PO 4 ) was purchased from J.T. Baker (purity ≥ 99.7%, lot no. H08479). Potassium oxalate (K 2 Ox) was purchased from OmniPur (purity ≥ 99.0%). Other chemical reagents were of analytical grade and purchased from J.T. Baker. Water was deionized and triply distilled before use. Solutions used in this study were prepared fresh, and filtered twice through 50 nm pore size filters (SterliTech, lot no. 37682). The concentration of calcium stock solution was determined by EDTA titration.
COM Nucleation Experiments. In this study, COM nucleation experiments were made at pH 6.5 at 37.0 ± 0.1°C in magnetically stirred double-walled 250 mL Pyrex vessels at values of the relative supersaturation with respect to COM (σ COM ) of 0.745 and 1.02. The relative supersaturation, σ, and supersaturation ratio, S, are given by eq 1:
where v is the number of ions in a formula unit of COM, and IAP and K sp are the ionic activity and thermodynamic solubility products (K sp = 2.47 × 10 −9 M 2 at 37.0°C), respectively. Solution speciation calculations were made using the extended Debye−Huckel equation proposed by Davies. 23, 24 Supersaturated reaction solutions were prepared by the slow mixing of sodium chloride (NaCl), potassium dihydrogen phosphate (KH 2 PO 4 ), potassium oxalate (K 2 Ox), potassium hydroxide (KOH), and calcium chloride ( Table 1. CO 2 was completely removed by pumping pure, presaturated, N 2 gas (>2 h) into both reaction solutions and calcium chloride stock Precipitates were collected from the solution by filtration during the experiments, and samples were dried and sputter-coated with graphite under vacuum before examination by field-emission scanning electron microscopy (SEM; Hitachi SU-70) at 20 keV.
Transmission electron microscopy (TEM) investigations of nucleated particles removed at various time intervals were carried out using a JEOL-2010 TEM at an accelerating voltage of 200 kV.
■ RESULTS
Recently developed sCC techniques were combined with SEM and TEM to investigate the effect of phosphate on COM nucleation. This technique was used to investigate COM homogeneous nucleation; experiments were performed at a constant supersaturation with respect to COM (σ COM ) of 0.745 at pH 6.5 and with 0.15 M ionic strength, at 37°C.
Phosphate was found to induce COM nucleation. The events of calcium oxalate nucleation were monitored by a calcium selective electrode, in a free drift nucleation experiment (no titrant added); the calcium concentration slowly increased throughout the induction time. This indicates the release of free calcium ions into solution at this point in the nucleation process; after this small detectable release of the calcium, the concentration decreases as COM nuclei form and crystal growth occurs (Figure 1b) .
Constant composition reactions were also carried out. In the presence of phosphate COM nucleated in approximately half the time as reactions without phosphate (Figure 1a (Figure 1c and 1a) , it is clear the rate of titrant addition in COM nucleation reactions in the presence of phosphate (0.57 mL/h) was considerably less than that of the control system (6.6 mL/h). This decrease indicates that COM crystal growth is retarded in the presence of phosphate.
At phosphate concentrations undersaturated with respect to the formation of DCPD, the calcium concentration slowly increased during the initial stages of the COM induction period. At the same time, the pH decreased in the induction period ( Figure 1d) ; this increase is likely related to the formation of amorphous calcium phosphate as previously described by Nancollas et.al. In addition to sCC experiments, COM free drift nucleation experiments were carried out to further investigate the effect of phosphate on the nucleation of COM. The free drift nucleation experiments were done at a higher supersaturation with respect to calcium oxalate formation which decreased the induction time (σ COM = 1.02) at pH 6.5. These experiments were initiated by the addition of calcium solution to the reaction solution. Changes in calcium concentration and pH were monitored throughout the reactions. The presence of phosphate in the reaction solution ([P] = 3.0 × 10 −3 M) at concentrations undersaturated with respect to DCPD (σ DCPD = −0.6) resulted in a rapid increase in pH followed by a slower decrease ( Figure  3, stage I ). In the CO 2 free system, the pH change is a result of the varying equilibria of phosphate and oxalate species. A similar discussion in our previous work regarding the relatively slower dehydration rate of calcium ions compared to that of phosphate ions suggests the final addition of calcium to the reaction solution resulted in the calcium-deficient cluster formation. These clusters are not stable: the rapid release of excess HPO 4 2− results in a sharp increase in pH following calcium addition. 15 As this occurs, calcium ions associate with the HPO 4 2− which results in the observed decrease in calcium concentration at this stage. The initial pH and calcium concentration changes confirmed the formation of amorphous calcium phosphate cluster in the calcium oxalate nucleation system. At the same time, calcium oxalate complex formation also contributed to the decrease in calcium concentration observed during this stage (Figure 3 Figure S2 ); these conditions are undersaturated in DCPD. At stage III, the calcium concentration and pH remain constant; this is likely related to a solid phase transition from calcium oxalate precursors to calcium oxalate prenuclei. Following the 120 min stabilization in pH and calcium concentration, the calcium concentration decreased. This is the start of stage IV, which is associated with the COM crystal growth (Figure 3 , stage IV).
The precipitates were harvested at various time intervals and investigated by high-resolution transmission electron microscopy (TEM), selected area electron diffraction (SAED), and scanning electron microscopy (SEM). In the absence of phosphate large aggregates up to 100 nm were detected, in addition to smaller Ca−Ox particles with size less than 5 nm diameter. The slow addition of calcium solution for about 60 min (Figure 4a ), followed by aging for 250 min, produced some larger aggregates (up to 500 nm) with porous features. SAED indicated the samples were amorphous in nature (Figure 4b ). The largest porous aggregates formed (larger than 1000 nm) 1000 min after the addition of calcium to the reaction solution; at the same time some denser aggregates with crystal-like shape were detected (Figure 4c ). After the induction time (1200 min, Figure 4d ), small crystal nuclei were observed by TEM and the previous large porous amorphous aggregates were not detected by SAED. This would indicate that the large amorphous Ca− Ox aggregates dissolved after nuclei formation and crystal growth. These findings are supported by the dissolution− reprecipitation 25 and solution-mediated transformation 26 mechanisms. The COM crystal was observed by SEM (Figure 4e) . The TEM results showed that the COM nucleation took place via an amorphous phase pathway, in which large porous amorphous particles were first formed by aggregation of small Ca−Ox clusters in the induction time, and then the denser nuclei formed and induced the desolation of amorphous precursors.
The morphology evolution was investigated by SEM. After the slow (5 min) addition of calcium solution to the reaction solution, separated particles about 30 nm in size were detected ( Figure 5a ). At 250 min after the addition of calcium large aggregates were formed. The Ca/P ratio detected by energy dispersive X-ray spectroscopy of these aggregates was Ca/P 3.6 ( Figure 5b) ; this relatively high Ca/P ratio suggests the formation of coaggregates of ACP and Ca−Ox complexes early in the induction periods. At 500 min (induction time was 590 min), larger aggregates (over 2 μm) formed, which contained nuclei of COM (Figure 5c ). After 1600 min plate-like COM crystal aggregates formed (Figure 5d ).
TEM micrographs clearly show the coaggregating structure formed by small Ca−Ox clusters (less than 5 nm) surrounding the large amorphous calcium phosphate complex spheres (about 60 nm) after the addition of calcium to the reaction solution ( Figure 6a) ; 60 min after the addition of the calcium solution, larger aggregates of ACP spheres were observed and these formed larger coaggregates (Figure 6b ). The SAED pattern showed that these large coaggregates were amorphous. High energy electron bombardment during TEM caused the adsorbed Ca−Ox clusters on the surface of ACP spheres to became larger. These results indicated that the existence of ACP promoted the aggregation of small Ca−Ox clusters on the surface, an important step to control nucleation of COM.
■ DISCUSSION
This work has demonstrated that, in the presence of phosphate, even in undersaturated solutions with respect to Ca−P phases, the nucleation of COM can be strongly promoted. This work further demonstrates that the COM nuclei form via amorphous Ca−Ox precursor clusters, which coaggregate with ACP to form large amorphous particles before nucleus formation in the presence of phosphate.
In a supersaturated solution of calcium oxalate, many Ca−Ox species will form due to ion dehydration and association. 2+ , result in the formation of these species which transform to the thermodynamically more stable [CaOx] complex following the release of extra calcium ions. This was observed as a slow increase of calcium concentration during the induction period. In the absence of phosphate, these Ca−Ox complexes will aggregate to small particles of COM which induce the formation of COM nuclei.
Previous studies on hydroxyapatite nucleation have shown that a relatively stable amorphous cluster with the composition of [Ca-(HPO 4 ) 1+x ·nH 2 O] 2x− forms initially in Ca−P systems. These amorphous clusters self-assemble to large ACP-I phases early in the induction period of HAP nucleation. 15, 27 In the presence of phosphate, the existence of negative Ca−P complexes, [Ca-(HPO 4 The coaggregation effect from ACP promotes the formation of large calcium oxalate complexes, which promote the formation of COM prenuclei increasing to their critical size, and forming stable nuclei. The numerous Ca−Ox clusters aggregating around the ACP sphere provide multiple sites for the following nucleation and growth, resulting in multiple COM crystals encapsulating the calcium phosphate phase. This is similar to a Ca−Ox renal stone. The agglomerate structure of multiple COM crystals aggregating around the calcium phosphate phase results in a simulated kidney stone which is too large to pass the urinary tract.
Based on the above results, a new mechanism for calcium renal stone formation has been proposed ( Figure 7 ). An amorphous calcium oxalate (ACO) cluster containing phosphate is formed, driven by the electrostatic interaction of ACP and ACO. The result is an amorphous coaggregate with ACO surrounding an ACP sphere (Figure 7a) . The ACO clusters self-assemble to larger size ACO particles on the ACP surface ( Figure 7b , process I). The numerous large ACO particles provide the ideal site for COM prenuclei formation during the process of ACO phase condensation (Figure 7c, process II) . As the size of prenuclei reaches a critical size, the COM nuclei will stabilize and induce the crystal growth (process III). At the same time, the small ACO particles will be dissolved. Multiple nuclei grow on the ACP surface and finally form a structure of numerous COM crystals encapsulating an ACP sphere ( Figure  7d ). Due to the coaggregating structure, the size of the whole agglomerate quickly increases, making it difficult to expel from the body, and a renal stone has formed. The confined ACP phase will transform to Ca−P crystal, such as DCPD or HAP, via a slow confined solid phase transition process (Figure 7e , process IV). The coaggregation of the amorphous precursors ACP and ACO, followed by the nucleation of COM surrounding a large ACP cluster, provides a possible initial step in the mechanism leading to the formation of renal stones.
The new mechanism of stone formation via coaggregation of amorphous precursors is relevant to the current investigation of the mechanism of nephrolithiasis and is an interesting comparison with the previous mechanism of heterogeneous nucleation induced by DCPD. 5, 28, 29 The condition for DCPD supersaturation is unlikely in urine, which needs a relatively high calcium or phosphate concentration in the acidic urine environment. However, the formation and growth of DCPD will consume the calcium ion and decrease the supersaturation level of COM.
The new physicochemical mechanism for kidney stone formation highlights the important role of phosphate, and the formation of calcium phosphate nidus. Modern renal stone treatment involving proteins, amino acids, and organic crystalgrowth inhibitors such as citric acid typically ignore the side effects of promoting amorphous precursor aggregation. 30−32 Addressing the effects of coaggregation may lead to more effective renal stone treatments.
■ CONCLUSIONS
In solutions that are supersaturated with respect to calcium oxalate, the presence of phosphate results in the initial formation of amorphous calcium phosphate clusters. These clusters were found to promote the aggregation of amorphous calcium oxalate complexes which induce the nucleation and growth of urinary stones. These revelations both expand our knowledge of urinary stone development and provide potential targets for treating the condition at the molecular level. We expect that the results will inspire novel approaches to our understanding of kidney stone formation mechanisms, which will lead to innovative therapeutic interventions to improve the health of patients with kidney diseases. ■ REFERENCES
